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Abstract 
The rapid advancements in various current technologies and the constant trend in miniaturizing of components have 
created a need for higher cleanliness levels. Contamination in the level of monolayers can drastically alter surface 
properties such as wettability, adhesion, optical or electrical characteristics. To select an effective cleaning method the 
three essential factors to be considered such as cleaning chemistry, the scrubbing method and other process parameters. 
This study investigates the effectiveness of brush cleaning, ultrasonic cleaning and combination of brush and ultrasonic 
cleaning on removal of contamination, surface defects and brush life time. In this study, the cleaning efficiency was 
compared for the parts cleaned with ultrasonics, nylon brush, Poly Vinyl Alcohol (PVA) brush and combination of 
ultrasonics and nylon brush. The life time of brush was studied for both nylon and PVA brush. The techniques used to 
identify the contamination are SEM, EDX and optical microscope. The microscopic result indicates that the removal 
efficiency was high for the parts cleaned with ultrasonics (90.5%) and PVA brush (90.2%) as compared to Nylon brush 
(77.4%). This is due to the fact that for PVA brush the fluid was being pumped in and out of brush pores (during 
compression and elastic recovery of the brush), carries the contamination away from the surface and also the contact area 
between the contamination surface and brush was more. From Liquid Particle Count (LPC) analysis, the >0.3 mic particle 
counts is almost two times lower for parts cleaned with ultrasonics as compared to parts cleaned with brushes. This 
indicates that 58/132 kHz washing followed by 470 kHz DI rinsing effectively removes sub- micron particles from the 
surface compared to brush cleaning. The defects caused by brushes on the surface of the slider bar is almost 1% for nylon 
brush cleaning, 0.4% for PVA brush cleaning and 0% for ultrasonic cleaning. From experimental study, it can be seen that 
the life time of PVA brush was shorter than Nylon brush by 75 times. The contamination increased after 50th run for PVA 
brush and after 700th run for nylon brush. This is due to the fact that after brush damage (after 50th run for PVA and 700th 
run for nylon) the brush can not effectively remove the contamination and also re-deposition of contamination from brush.  
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1. Introduction 
To ensure high device yields, surface contamination and defects must be monitored and controlled during 
the entire process of slider fabrication manufacturing (Hurd, 1995). Among all cleaning processes, the 
cleaning before pre Diamond like Carbon coating (DLC) is the more significant one. Otherwise, 
contamination on the surface weakens the DLC adhesion properties and leads to more slider fabrication 
corrosion. The contamination on the bar surface must be kept at the lowest possible levels before goes to Pre 
DLC coating. Brush scrubber cleaning has the potential to achieve this goal. However, the particle removal 
mechanisms are still under discussion especially the removal of nano-sized particles.  
An efficient cleaning process should consistently remove particles, organic residues, and ionic 
contamination from the bar surface. In brush cleaning, the particle removal is accomplished by a direct 
contact between the brush and the bar surface in which the brush asperities engulf the bar surface 
contaminants and the rotational motion of the brush and the cleaning fluid supplied to the surface dislodges 
and carries the particle away from the bar surface. The chemical cleaning action dependents on the nature of 
chemicals in the cleaning chemistries, which typically provide a desirable zeta potential environment for 
efficient removal of particles away from the surface and brush, and also resist any particle re-deposition on 
the surfaces (Busnaina et al). Mechanical cleaning technologies such as centrifugal spraying, water jets, brush 
scrubbing, pressurized fluids and cryogenic ("frozen") particles jets [McDormott et al, Mertens et al, kut et al., 
1998]. The number of cleaning and rinsing steps has also decreased by using so-called Marangoni technique.  
Brush cleaning is widely used in the industry, especially following chemical-mechanical polishing 
processes oxide and metal films (Hurd et al., 1994). There is a dearth of scientific published studies on the 
effectiveness of brush cleaning and its efficiency in removing small particles adhered by van der Waals forces 
or chemically bonded. A recent article was published on using PVA brush (with DI water) in cleaning silicon 
wafers with a tungsten thin film. There has also been some recent work on cleaning oxide silicon wafers using 
PVA brush DI water, basic chemistry, or surfactants. Brush cleaning can be effective if applied properly by 
optimizing the water flow, the rotational speed, and brush pressure. Using chemistry during brush cleaning 
can enhance particle removal. Research shows that the brush pressure is one of the most important parameters 
in removing particle. However, it is expected that too much pressure will cause scratches in the substrate 
(semiconductor, 1998). More recent applications include applying brush scrubbing to copper post-CMP 
cleaning by Sharma et al. The issue is that smaller particles are physically more difficult to remove, because it 
is harder to deliver the necessary force to minuscule dimensions. Thus more energy is required to remove 
smaller particles. The main factors affecting cleaning efficiency are contact pressure at the brush nodule 
surface and the bar, physical and chemical properties of cleaning fluid and its flow rate; cleaning time; 
mechanical properties of the brush; magnitude of frictional forces between bar and brush relative to 
magnitude of adhesion force between particle and bar, particle and brush (Busnaina et al., 1995).  
This paper investigates the effectiveness of cleaning by using ultrasonics, nylon brush and PVA brush on 
contamination removal and explores the potential and limitations of the brush scrubbing technique. 
Furthermore, the effect of the various brush/surface parameters on the removal of contamination is also 
discussed. 
2. Experimental Details 
The experiments were conducted in the Class-100 Cleanroom of Advanced Ceramics Technology Lab, 
Crest Group, Malaysia. The experiment was carried out with two different types of brushes i.e. Nylon and 
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PVA. The parameters studied for brushing were scrubbing time, brush life time and defects on the slider bar 
surface. Initially, the slider bar to be cleaned was loaded into the ceramic clamp fixture as shown in Fig.1 and 
then manually scrubbed with nylon or PVA brush by using 2% non-ionic surfactant i.e. Chem Crest 2000x 
(CC2000x). The manual scrubbing with brush was performed in three stages; the first stage involves a wet 
treatment using surfactant (2min). The second stage involves scrubbing with a PVA/Nylon brush(4 min). The 
third stage involves a DI rinsing (3min) and vacuum drying (10min) of the substrate. After vacuum drying, 
the number of residual particles, metal and carbonaceous contamination of the bar surface were counted by 
using 10x microscope. The total incoming contaminant on the slider bars was characterized by microscopic 
inspection (10x) for each test and was almost equal for all test conditions. The LPC analyses were carried out 
to identify the number of particles on the slider bar surface. The instrument used to measure the LPC count 
was LiQuilaz SO2. The frequency, power and time used for the LPC extraction were 132 kHz, 21 W/Lit and 2 
min respectively. The number of samples used for the extraction was 10 bars/run. The main contaminant 
present in the slider bar was shown in Fig.2.  
The slider samples are also cleaned with ultrasonic cleaning. The ultrasonic cleaning equipment used for 
this study was CREST OPTIMUM ConsoleTM. The frequency used for ultrasonic washing was 58/132 kHz 
(4min) followed by 470 kHz DI water rinsing (3min) and vacuum drying (10 min). The chemical used for this 
study was 2% CC 2000x. The experiment was also carried out with the combination of manual brushing and 
ultrasonics. The removal efficiency for different types of cleaning method was compared. The defect induced 
by Ultrasonics, PVA and Nylon brushes on the slider bar surface was also compared.  
 
 
 
 
 
 
Fig.1. Experimental set up of brush cleaning   Fig. 2. Contamination on the slider bar surface  
In order to verify the type of contaminant on the parts the parts were further analyzed by using EDX and 
SEM. The degradation of the nylon fiber after brush scrubbing was studied by using SEM technique. The total 
number of bars taken for the cleaning experiment was 20 bars per run. The uncertainty in the measured 
experimental data is +/- 2%. The experimental set up is as shown in Fig.1.  
The percent removal efficiency, η (%), can be calculated as follows: 
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where, Ncb is the number of contaminated slider bars before cleaning and Nca is the number of contaminated 
slider bars after cleaning. For any particular operating condition, minimum five experiments were run, five 
removal efficiency values were measured, and their average was calculated. 
3. Results and discussion 
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3.1. Mechanism of brush cleaning 
The important factors affecting cleaning efficiency are pressure applied by the brush, physical and 
chemical properties of the cleaning fluid and its flow rate, overall kinematics of the brush in relation to the 
tool, scrubbing time, mechanical properties of the brush, magnitude of frictional forces between wafer and 
brush relative to magnitude of adhesion forces between particle/wafer and particle/brush. 
The mechanism of cleaning through scrubbing and the forces that a particle receives during a brush scrubber 
clean are schematically depicted in Fig.3 and 4. Basically the particle removal mechanism can be categorized 
into three: Lifting, sliding and rolling (Zhang et al, Busnaina et al). 
3.1.1. Lifting mechanism 
Particles will be removed from the surface if the brush-particle adhesion force FA overcomes particle-wafer 
adhesion force Fa and the external brush load Fb.  FA>Fa+Fb                                (2) 
The lift force is a few orders of magnitude smaller than the drag force. Since the drag force is smaller than 
the adhesion force already, the lift forces are too small to lift PSL particles off the surfaces. 
3.1.2. Sliding mechanism 
Particles can slide off a substrate if the sum of the hydrodynamic drag force of the fluid FD and the friction 
force particle/brush FF is bigger than the friction force particle /substrate Ff. 
 
FD + FF> Ff = ț (Fa +Fb -FA)                                                (3) 
ț is the friction co-efficient particle/substrate 
3.1.3. Rolling mechanism 
If the torque balance of a particle during scrubber cleaning is considered, the particle can be rolled of the 
wafer if the following equation works (Hubby and Sharma et al):  
1.4 FF + FD > a/1.4R(Fa +Fb -FA)                                                                                                     (4) 
 
 
Fig. 3. Mechanism of cleaning through scrubbing          Fig. 4. Schematic description of the forces a particle   
receives during brushing 
 
where R is the particle radius and a is the contact radius particle/substrate. Because the contact radius a is very 
small compared with the particle radius, a/1.4R will be much smaller than ț, which is normally close to unity. 
Hence, particles are much easier to roll off a substrate than to slide them by the removal forces and sliding is 
actually not likely to happen during scrubbing. As the brush/wafer pressure increases, owing to large contact 
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area brush/particle because of the brush deformation, the adhesion force brush/particle can be very big 
compared to the adhesion force particle/wafer. In such a case, particles can be lifted off directly. As a result, 
rolling and lifting can be dominant particle removal mechanisms during brush scrubber cleaning.  
3.2. Comparison of removal efficiency for different cleaning methods 
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Fig. 5. Comparison of removal efficiency for different cleaning 
methods 
Fig. 6. Comparison of LPC counts for different cleaning 
methods 
Fig. 5 shows the comparison of removal efficiency for different cleaning methods. It can be observed that 
the removal efficiency is high for the parts cleaned with ultrasonics (90.5%) and PVA brush (90.2%) as 
compared to parts cleaned with nylon brush (77.4%). The contact area between the particle and the surface is 
higher for PVA brush as compared to nylon brush. In PVA brush cleaning, PVA is compressed when it 
contacts a particle adsorbed on the surface of the bar. The pores and asperities on the surface of the PVA 
brush engulf the particle and cause the exposed surface of the particle to adsorb on the surface of the brush 
(mechanically, chemically or by capillary suction). The scrubbing action of the brush dislodges the particle 
from the surface and the fluid present on slider bar surface, and being pumped in and out of brush pores 
(during compression and elastic recovery of the brush), carries the particle away from the slider bar. The 
liquid flow through the brush helps to reduce particle accumulation on the brush. After scrubbing process, the 
contamination on the surface can be verified with EDX analysis. The result is shown in Fig. 7. 
3.3. Comparison of LPC for different cleaning methods 
From Fig.6, it can be observed that the particle counts is almost 3 times low for the parts cleaned with 
ultrasonics (58/132 kHz washing with 2% CC 2000x and 470 kHz DI rinsing) compared to the parts cleaned 
with PVA/Nylon brush. In case of brush cleaning for the removal of sub micron particle the contact area 
between the bar surface and the sub micron particle is very low. So, the bristle cannot reach the sub-micron 
particles. In ultrasonic cleaning, as the frequency increases the size of the bubble decreases. So, the tiny 
bubbles formed during higher frequency operation (470 kHz DI rinsing) can reach effectively to the sub- 
micron particle and remove the contaminant effectively from the slider bar surface. Hence, the >0.3 micron 
particles on the slider surface is low for the parts cleaned with ultrasonics compared to brush cleaning.  In 
lower frequency operation, the size of the bubble formed is large compared to higher frequency operation for 
a fixed power level. Hence, the energy released during collapse, which is a volumetric effect, is higher for 
lower frequency operation (58/132 kHz).  In case of dual frequency operation (mode that combines a 
cavitational frequency with a streaming frequency) yields higher removal efficiency than single frequency 
modes of operation. 
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Fig. 7. EDX analysis after brush scrubbing Fig. 8. Comparison of defects for Nylon, PVA and U/S 
cleaning 
 
From EDX analysis, it can be seen that the majority of the contamination is Mg-Si-O and other particulate 
contamination. The adhesion force between surface and Mg-Si-O particle is extremely higher.  
3.4. Comparison of defects for different cleaning methods 
Fig. 8 shows the defects comparison for the parts cleaned with nylon brush, PVA brush and ultrasonics. 
The defects are very low for ultrasonic cleaning compared to brush cleaning. The defects caused by nylon, 
PVA and ultrasonic cleaning were 1%, 0.4% and 0% respectively. The brush itself should cause harm, such as 
scratching the substrate or introducing chemical or particulate contamination. The defect (scratches) on the 
substrate is almost two times higher for nylon brush as compared to PVA brush. Mostly, in nylon brush 
cleaning the hard particles trapped on the bristles cause more surface scratches. During nylon brush cleaning 
the particles slowly accumulates on the bristle. PVA is a soft, highly compressible, sponge-like material. In 
case of PVA brush cleaning, liquid flow through the brush helps to reduce particle accumulation (brush 
loading) on the brush thereby reduce defects (scratches). Decreasing down force helps reduction of scratches, 
but particle removal efficiency also decreased.  
3.5. Comparison of life time study for nylon and PVA brush 
The effectiveness of scrubbing/cleaning after 50th run for PVA brush and 500th run for nylon brush is 
started degrading. For nylon brush, after 50th run the contamination on the surface is started increasing. The 
degradation of the filaments for nylon brush and PVA brush is shown in Fig. 9 and 11. The EDX analysis 
obtained for nylon bristle is shown in Fig. 10. The polymer properties give nylon superior abrasion resistance, 
high heat tolerance, great chemical resistance and bend recovery. The stiffness of nylon brushes is directly 
related to range of diameters, bristle length and grade. Some of the many advantages of nylon include low to 
moderate water absorption, an excellent fatigue life and the ability to work in both dry and wet environments. 
The sharp edges on the fixture or surfaces can easily damage PVA brush. So, the PVA brush can be used only 
for flat/smooth surfaces. 
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Fig. 9. Nylon bristle degraded after 500th run 
(SEM image) 
Fig. 10. EDX analysis for nylon bristle Fig. 11. Degradation of PVA brush 
after 50th run 
4. Conclusion 
The removal efficiency is high for the parts cleaned with ultrasonics (90.5%) and PVA brush (90.2%) as 
compared to parts cleaned with nylon brush (77.4%). The contact area between the particle and the surface is 
higher for PVA brush as compared to nylon brush. The >0.3 mic particle counts is almost 3 times low for the 
parts cleaned with ultrasonics (58/132 kHz washing with 2% CC 2000x and 470 kHz DI rinsing) compared to 
the parts cleaned with PVA/Nylon brush. In case of brush cleaning for the removal of sub micron particle the 
contact area between the bar surface and the sub micron particle is very low. So, the bristle cannot reach the 
sub-micron particles. In ultrasonic cleaning, as the frequency increases the size of the bubble decreases. 
Hence, the tiny bubbles formed during higher frequency operation (470 kHz DI rinsing) can reach effectively 
to the sub- micron particle and remove the contaminant effectively from the slider bar surface. Hence, the 
>0.3 micron particles on the slider surface is low for the parts cleaned with ultrasonics compared to brush 
cleaning. The defects are very low for ultrasonic cleaning compared to brush cleaning. The defects caused by 
nylon, PVA and ultrasonic cleaning were 1%, 0.4% and 0% respectively. The brush itself should cause harm, 
such as scratching the substrate or introducing chemical or particulate contamination. The effectiveness of 
scrubbing/cleaning after 50th run for PVA brush and 700th run for nylon brush is started degrading. For nylon 
brush, after 50th run the contamination on the surface is started increasing. 
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